A nonlinear couple modeling of magnetostrictive cantilever is built by combining Gibb's free energy formulation with the Euler-Bernoulli beam theory. The Gibb's free energy corresponding to different orientations in 3D space can be expressed in terms of their direction cosines, the stress at a given point can be described by classical theory. The magnetomechanical bending experimental setup is designed. The results demonstrated magnetostrictive sensing can be performed in bending even when both tensile and compressive stresses are developed; meanwhile the sensing is primarily due to the dominating effect of compression over tension.
I.
INTRODUCTION
Smart materials can transduce one form of energy to another, and the energy transduction is manifested as a change in shape and physical properties of the materials when they are exposed to an external energy field which produces a change in their atomic arrangement. Such changes are used in actuator and sensor applications. They show the different effects related to energy transduction between electrical, magnetic, mechanical andthermal fields. The more widely smart materials such as piezoelectric, magnetostrictive and shape memory alloy (SMA) are used. These materials are grouped together due to certain common physical and functional characteristics shared by them, Piezoelectric materials offer several advantages such as large blocked stress (~50 MPa) and free strain (  1000
), fast response as they are activated by electric field (voltage)
with an operational bandwidth of upto 20 MHz and low impedance at high frequencies.but require very high electric field (voltage) and are brittle and extremely sensitive to temperature which restricts them from being used in harsh environments. Due to the absence of a spontaneous polarization, electrostrictives can be used as a sensor only.
Piezoelectric materials are used in a variety of actuator and sensor applications [1, 2, 3] . They are widely used in several transducers like accelerometers, load cells and pressure sensors. Piezoelectric stacks are also used in ultrasonic motors, sonars and for nano-positioning in AFM and STM stages. In the presence of a bias electric field, SMA [2, 4, 5] such as Nitinol (Ni 55 Ti 45 ) exists in a low temperature martensite phase and a high temperature austenite phase which can be reversibly obtained by cycling temperature. But they are brittle and their bandwidth is limited by eddy current formation.
Magnetostrictive materials such as Terfenol-D show high strain and blocked stress [6, 7] . In general, all magnetostrictives show fast response as magnetic field can be controlled by changing current which can be changed as fast as electric field. Unlike piezoelectric, these materials can be used under static and low frequency conditions with very low impedance but they offer high impedance at high frequencies (kHz range) due to the inductive nature of the materials. One of the reasons for the promise of these materials in a host of applications is the development of a new class of structural magnetostrictive materials, iron-gallium alloys (Galfenol). promise as an engineering material for actuation and sensing applications [8, 9, 10] .
Yoo designed a tuning fork-based gyro sensor which uses mm-size Galfenol patches as actuator and sensor material in bending. Downey showed that mm-scale Galfenol rods can be used as a sensor in bending and the results of this work was used to conceptualize a nanowire-based broadband acoustic sensor. Further work in this area led to the mechanical characterization of Galfenol nanowires which showed that although their Young's modulus is similar to that of bulk material, they possess almost three times the tensile strength. Datta [11, 12, 13] .
Such applications motivate the development of a modeling framework and performance analysis for active structures. Structural modeling of extensional magnetostrictive transducers has successfully been performed, while performance analysis of Magnetostrictive cantilever has been a challenge.
Various non-linear models have also been developed to account for the magnetomechanical response of ferromagnetic materials over different operating conditions. Higher order series expansion of the free energy yielded the Landau model. Bergqvist and Engdahl combined the effects due to stress and magnetic field into an equivalent field term and incorporated this in the Preisach operator to model the effect of stress on magnetization [14] . A stress-induced field term was introduced into the Langevin term by Jiles to model the effect of stress on magnetization vs.
field curves as well as the effect of magnetic field on magnetization vs. stress curves. Ghosh and Gopalakrishnan used a neural network technique to non-linearize the coupled constitutive equations and successfully predicted both the actuation and sensing characteristics of magnetostrictive materials. These models were limited to one-dimensional analysis and did not account for magnetocrystalline anisotropy which is required to capture the directional preference of magnetization orientation based on the crystal symmetry of different materials.
Armstrong [15] extended the Stoner-Wohlfarth model to cubic anisotropy and was able to come up with a three-dimensional model for magnetostrictive actuation. This approach was adapted to model both the actuator and predict the sensor responses of single crystal and polycrystalline Galfenol subjected to collinear stress and magnetic fields. An extension to this approach was developed to add stress-annealing effect by incorporating a uniaxial anisotropy. These models included Zeeman, stress-induced anisotropy and magnetocrystalline anisotropy energy but excluded the exchange energy because it is non-zero only within the domain wall and hence forms a small fraction of the total energy of a bulk sample. Moreover, the preclusion of the magnetostatic energy incapacitates the ability of these models to account for demagnetization effects.
Smith developed a homogenized energy model which included magnetostatic, stress-induced anisotropy, magnetocrystalline anisotropy and exchange energy terms [16, 17, 18, 19] . The This article investigates the performance analysis of Galfenol-driven cantilever beam considering the effect of the magnetic induction and stress. In order to motivate a modeling technique in the frame, a magnetostrictive cantilever beam model is established, constitutive relations that describe the material behavior are based on energy minimization techniques. The saturation magnetization (M s ), the magnetostrictive constant ( 100  ) and the 4th and 6th order anisotropy constants ( 1 K and 2 K respectively) are used to calculate the Zeeman, stress-induced anisotropy and magnetocrystalline anisotropy energies per unit volume. The Euler-Bernoulli assumption of the classical beam theory is adopted to solve stress of the magnetostrictive cantilever beam.
Experiments and simulations are conducted to study performance of the cantilever.
II. MODELING OF CONSTITUTIVE BEHAVIOR
Constitutive relations that describe the material behavior are usually based on energy minimization techniques. The first part of such a technique involves the formulation of an energy functional which includes or precludes certain terms based on assumptions appropriate for the purpose of the model. The second part involves the use of mathematical techniques to extract the information about a required physical response of the material under the influence of force fields that perturb the energy.
The simplest model for magnetoelastic material is the coupled linear constitutive equations.
Considering both strain and magnetic induction in the material as functions of stress and magnetic field, a first order truncated Taylor series expansion about a given operating point
can be written as Equations (1) and (2) . Note that stress and magnetic field are assumed to be independent inputs to the material.
The total workdone ( dW ) on a unit volume of ferromagnetic material by a stress and magnetic field due to infinitesimal change in strain and magnetic induction can be expressed by Equation (3) . Note that dW is not an exact differential.
For a reversible process, the change in internal energy (dU) can be expressed using Equation (4) which can be obtained by substituting Equation (3) in the 1st Law of Thermodynamics. Here S and T denote entropy and temperature respectively.
The Gibb's free energy of the system is given by Equation (5) TS
The change in Gibb's free energy in an isothermal reversible process can be expressed by Equation (6).
Combining Equations (4) and (6), the change in Gibb's free energy can be written as shown in Equation (7).
Equation (7) can be used to interpret the differential quantities in Equations (1) and (2) as follows. The mechanical compliance of the material in a process where the magnetic field (H 0 ) is maintained constant while the stress is quasistatically perturbed about a given stress 0  is expressed by Equation (8). (12), (13) and (14) respectively.
The free energy ( 
 
In order to develop an expression for the bulk magnetization and magnetostriction, it is necessary to understand the following probabilistic approach. Let us assume that a bulk magnetic material is composed of a number of noninteracting magnetization units. The fraction of these units at a state   j i, , which is defined by the orientation   
Here m N is a normalizing factor which can be calculated from Equation (17) The magnetic induction is calculated using Equation (20) .
The same hypothesis can be extended to calculate the magnetostriction along [100] using Equation (21). The total strain can be described by Equation (22) where ES is the purely mechanical Young's modulus of the material and is also known as the modulus at magnetic saturation. This is the modulus measured when all the magnetic moments are oriented either parallel or anti-parallel. These assumptions are applicable to a beam whose length is 8-10 times more than both its width and its thickness. Figure 1 , is subjected to a bending force. If the transverse displacement (w) along the z-direction after the bending deformation is much smaller than the beam thickness, then the axial displacement (u) along the xdirection can be expressed using Equation (23). The question posed at the end of the previous section motivates the study of the distribution of stress and magnetic induction along the thickness of a magnetostrictive beam which is fixed at x = 0 and free at x = L. A beam with these boundary conditions is also known as a cantilevered beam. Cantilevered beams are often used for bending characterization.

The stress at a given point in a cantilevered beam subjected to a transverse tip loading (F) can be described using Equation (27) which can be obtained by substituting
IV. EXPERIMENT RESULT AND DISCUSSION
The magnetomechanical bending experimental setup was designed. The test setup consists of magnetic and mechanical components. The magnetic components were designed to apply different DC bias magnetic fields along the length of the Galfenol beam. Note that these applied magnetic fields were measured in air by placing a hand-held gaussmeter in between the pole pieces of the electromagnet for different constant current in the solenoid. In this experiment, the bias magnetic field in the sample could not be maintained during the loading cycle using the feedback controller because of the lack of closed magnetic circuit. Moreover, the stress distribution in the Galfenol beam creates a spatial distribution of the magnetic field in the beam unlike in the Galfenol rod, where a uniform stress-state in the entire rod ensured a uniform change in reluctance and magnetic field in the Galfenol sample.
A pick-up coil with 100 turns wrapped around the sample and connected to an integrating fluxmeter measured the thickness-averaged magnetic induction along the beam span between the load applicators. 
